A detailed rock and palaeomagnetic investigation of the three major dyke systems of late Palaeozoic age in Bohuslan SW Sweden is reported. The three dyke systems are dolerite dykes, porphyritic dolerite dykes and rhomb porphyry (RP) dykes, the latter ones being of special interest as examples of multiple intrusion dykes. The rhomb porphyry dykes are closely related to the rhomb porphyry Iavas and dykes of the Permian igneous province of the Oslo Rift zone some 100%200 km NNW. Geometrical mean values of natural remanence and susceptibility are of the order of lO-'eemu ~r n -~, and the @ratio is usually < I . Magnetic fabric indicates vertical flow of the magma, and discrepancies in the Curie-temperatures when measured and calculated by microprobe analysis, respectively, suggest the very stable primary component of the TCRM to reside in single domain titanomagnetites exsolved in larger grains where a soft VRM dominates. Detailed sampled profiles across two well developed multiple intrusion RP dykes show a marked consistency in the symmetricdl build-up of the dykes and the magnetic parameters (bulk susceptibility, Q-ratio, anisotropy and coercivity spectrum), which strongly supports the theory of the multiple intrusion mechanism of these composite RP dykes.
in a central zone was intruded. Before this zone had been wholly crystallized, the dyke opened again and the magma of the porphyritic dolerite was intruded.
R H O M B P O R P H Y R Y D Y K E S ( R P )
These dykes occur over quite a large area along the Skagerrak coast (Fig. 1) . The longest one known is some 3Ohr1, and the width of the dykes vary from 5 to 50m. They exhibit interesting petrological variations and resemble the rhomb porphyry lavas and dykes of the Oslo field.
A grain size difference between the marginal and central parts of these dykes already noted by Ljunger (1927) , and Samuelsson (1967a, 1971) describes the types in detail. The structural relationships are shown schematically in Fig. 2 . Each of the three rock types i s very homogeneous over the entire region,
The colour of the Dm is dark-grey to black. The contact to the surrounding Precambrian granite is always chilled, and granite xenoliths showing signs of assimilation may often be found.
The RF' m consists of rhomb-shaped crystals of feldspars in a matrix dominated by elongated crystals of zoned plagioclase, but also containing a variety of other minerals (pyroxene, amphibole, biotite, apatite, chlorite, serpentine, titanomagnetite and pyrite). The matrix of the RPc is more fine-grained than that of the RPm, and consists of plagioclase, alkalifeldspar, pyroxene, chlorite, serpentine, quartz, amphiboles, apatite, titanomagnetite and pyrite. The rock is grey in colour (red when weathered), with numerous rhornb-shaped feldspars of greyish-white colour. The contact between the two types of rhornb porphyry is usually marked by a 2-3 cm thin zone of lighter colour with hardly any phenocrysts. The RE' c may be slightly chilled towards the RPm.
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G E N E S I S O F T H E D Y K E S
Based on structural and petrological observations, Samuelsson (1967~1, 1971) suggested the following hypotheses for the origin and emplacement of the dykes: In a cooling acid magma, where the crystallization had not yet been completed, rhornb-shaped phenocrysts of feldspars and pyroxenes existed in aggregates. Another basaltic magma was also present, probably situated in a reservoir beneath the acid magma, and at a certain time it intruded into the acid magma, with the result of mixing the two magmas; it also intruded the surrounding granite, thereby forming the dolerite dykes.
Figum 2. Stages in the stepwix evolution of the composite inultiylc intrusive RP dykes. After intrusion and cooling of the marginal doleritc Urn, thc marginal rhonlb porphyry RPm was intruded and cooled, and finally the central rhonib porphyry RPc was htrudcd.
Into some of the doledte dykes two other intrusion impulses followed soon, resulting in the marginal and central rhomb porphyries, respectively, the latter types representing different stages of magma mixing or different levels in the magma reservoir.
The mode of formation of the porphyritic dolerites is not quite clear, but we may suggest that they were formed by an analogue mixing of the basaltic magma with a feldspar cumulus from the acid magma.
While the relative age of the composite Rp-dykes thus appears to be Dm-RPm-RPc lyoungest), the relative ages between D, PD and RE' are not clear, as no cuttings have been observed. Accepting the above hypothesis of two coexisting magmas in Permian times, the ages of the individually intruded dykes, however, are not likely to be very different. Tn a discussion of the Oslo region, Oftedahl(l952, 1960 ) suggested a likely coexistence of different magma types and the possibility of mixing.
With the exception of a possible block-faulting related to the Fennoscandian border zone and glacial isostatic movements, the area does not appear to have experienced any significant tectonic disturbances since the time of intrusion of the dykes.
I N T R U S I O N L E V E L A N D C O O L I N G T I M E
Considering the general lack of Phanerozoic deposits in the area, the casual occurrence of a quartzitic boulder (Asklund 1947) in one of the RP-dykes (site 10, Viigga), and the numerous clastic 'dykes' of Palaeozoic fissure fillings in the Precambrian basement surface now exposed (Samuelsson 1975) , the initial depth of the present erosion level and hence the intrusion level of the Permian dykes is likely to be of the order of 1 km and certainly less than say 3 l m . This constrains the initial temperature of the surrounding bedrock at the time of intrusion to less than 100°C even with allowance for a moderately elevated regional geothermal gradient in the Permian period. A rough estimate of the cooling times required for the temperature of the dykes to pass below the relevant blocking temperatures for the carriers of the reinanent magnetization may then be made by solving the equation of thermal diffusion (Jaeger 1968) . Taking roughly the initial temperatures of the magma and the bedrock to be 1100 and 100°C, respectively, and the thermal diffusivity of both to be around 0.01 ern's-', a dyke lorn wide wouId cool beIow 500, 400, 300 and 200°C within about 1.2, 2.5, 6 and 25 yr, respectively. For other dykes the cooling times are proportional to the squares of the thicknesses relative to the 10 m thick dyke; thus a 3.33 m dyke cools nine times faster, a 30 m dyke cools nine times slower, all other parameters being equal.
As most of the dykes are about 10m wide, the thicker ones all being multiple intrusive RP dykes, we conclude that thestable rernanent direction ofeach dyke, rather than an average In case of the multiple intrusive dykes, the elder (marginal) parts must have been reheated and were at least partially remagnetized in accordance with the remanence of the younger central part of the dyke. Thus, in the two cases (sites 2 and 16, Table I ), where the thickness of the central and marginal parts are known, the reheating of the margin would amount to an increase in temperature of at least about 200 and 300"C, respectively, This reheating would tend to smooth out any minor differences in the directions of the remanence.
Magnetic investigations
S A M P L I N G
Samples were mostly collected by means of a portable drill and in some cases as hand samples (sites 4, 14, 15 and 17) , and the orientations were performed with a sun compass.
About 200 individually oriented cores or samples were collected from 17 sites, eight of them being from rhomb porphyry dykes. At site 2 (Raftotungan) the cores were taken in a detailed profile (11) across the entire width of the dyke with samples for every cm. At some of the other RP-sites, less complete profdes were also taken ( Table 2 ).
T E C H N I Q U E S A P P L I E D
The NRM and anisotropy of susceptibility (of RP) was measured with a DigicoB Spinner Magnetometer (Molyneux 1971) , and the stability of the remanence was investigated in a detailed programme of af demagnetization in zero field (.tl Or). Thermal demagnetization was attempted, but not successful. The bulk susceptibility was measured in situ and in the laboratory using bridge type instruments (Collinson & Molyneux 1967) . Susceptibility versus temperature was also studied on powder samples (Stephenson & de Sa 1970) .
Polished sections of RP-specimens were examined under the ore microscope and with a Geoscan microprobe. The magnetic minerals were measured for their Fe and Ti contents and rough counts were performed for Mn, Al, Mg and Cr. except at site 4 (Gerlesborg), the PD of which was curiously high (0=7).
The mean magnetic properties thus generally show decreasing values of K and J with increasing acidity, which was to be expected.
A N I S O T K O P Y 01: S U S C E P T I B~L~T Y
A detailed study of the susceptiblity and its anisotropy was made 011 the three rock types of ~~e~s~~~~~,~~~ i i~p ) , : , The considerable variation across tlie vertical dyke is shown in detail in Fig. 3 KPc t.
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RPc ( is also varying across the dyke (Fig. 4) , but there are no marked differences between the three rock types. The directions of the axes of the anisotropy ellipsoid are also plotted in Fig. 4 . It is striking that the axis of maximum susceptibility (a) is well defined and nearly exactly vertical for all three rock types. The intermediate and minimum axes (b and c) are not well defined for the marginal dolerite, while the b and c axis of the two varieties of rhomb porphyry are close to each other.
M I C R O P R O B E ANALYSIS A N D CURIE TEMPERATURES
From proffie 11 zt FhftBtmgan 12 polished sections were prepared, and 138 analyses on 98 grains were examined in the micropsobe.
The diameter of the grains examined varied from 20-500pm, the lower limit being set by the electron beam (spot readings with a 10-15pm diameter beam). Smaller grains were (c) susceptibility axes, respectively. The predominantly vertical flow of the magma is suggested by the vertical elongation of the major magnetic grains, as determined by the tight clustering of the a-axis of the magnetic fabric. The strike of the dyke does not appear to have influenced the orientation of the intermediate and minimum axis, illustrating that the magnetic grains have equidbnensional rather than tabula cross sections orthogonal to the vertical (longer) axis.
numerous too. No correlation between grain size, grain form, composition and rock type could, however, be observed on this scale, the overall picture being that of a very complex assemblage of magnetic grains. The compositions o f a number of titanomagnetite andhaemoilmenite phases were calculated, and on the assumption of a linear relationship between cornposition and Curie temperatures T, the corresponding T, were calculated. In Fig. 5 these are given by numbers and plotted together with the observed Tc. Thermomagnetic curves (Fig. 6 ) were further measured on 21 powder samples in air from profile II. Most of the samples exhibited only one T, of 55O-57O0C, but a few samples also had a break on the tliermo-magnetic curve in the interval between 350-4OO0C, indicating tlic presence of an additional phase with that T, (arrows i R Fig. 5 ). No clear difference between the three rock types can be seen, neither are calculated T, of the three rock types significantly different. There is, however, a distinct discrepancy between the calculated and the observed T, as discussed later. 
Palaeomagnetism of Pennian multiple intrusion dykes
REMANENT MAGNETIZATION O F THE R H O M B P O R P H Y R Y DYKES 173
The site mean direction of the NRM's are shown in Fig. 7(b) . They seem to be smeared along a vertical great circle with a declination of 190-210°. At site 2 this is caused mainly by a significant difference of inclination of the RPm and Dm on one side and the RPc on the other. This was found to be a general feature although the total means of each rock type is not significantly different. The direction and intensity of the NRM at Raftotungan are also plotted in detail in Fig. 3 .
The Q-ratio vanes across the dykes, and is in profde I1 (Fig. 3) generally more than 1.
Four pilot specimens of each RP type were initially af demagnetized in eleven to seventeen steps up to maximum fields of 1100 to 1700 Oe peak (Fig. 8a,b and c) . The Dmspecimens did not give any other indication of a stable remanent magnetization than the NRM, the RPm yielded a stable component of magnetization with negative inclination, and the RPc showed a similar result although certain differences between the RPm and the RPc emerged, which will be touched upon later. The subsequent bulk demagnetization of all specimens in three to five steps up to 400 to 500 Oe confirmed these results (Figs 8 and 9 ). It was found that the RPm and RPc carry a stable remanent component of the same direction, and its coercivity must be over 10000e. The secondary magnetization is of a much lower coercivity, but makes up a large percentage of the NRM. This is especially so in the case of the RPm. As demonstrated in Fig. 3 the isolated stable remanence of the RPc clearly shows higher coercivities, at least in the performed steps of demagnetization, 150,225 and 300Oe peak. Already at 150Oe the curve is 'inverted', the normalized intensity of the RPc now being the higher. This and the two peaks of intensity near the contact between RPm and RPc w i l l be discussed later. Fig. 7(c) shows the mean direction of the cleaned remanence, accepted as the best estimate of the primary magnetization. Only in a few cases it was possible to isolate a stable direction of remanence in the marginal dolerite of approximately the same direction as in the rhomb porphyries. Table 2 gives the mean values and Fisher statistics (Fisher 1953) of the demagnetization results.
The af cleaned RP-dykes thus yield a well defined and stable characteristic direction of high coercivity remanent magnetization, which within the experimental errors are the same for the three rock types. However, the scatter of the Dm-directions was considerably higher than that of the RPc and RF'm, and it was difficult to isolate a stable remanence of the Dm. 
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REMANENT MAGNETIZATION O F THE D O L E R I T E A N D PORPHYRITIC DOLERITE D Y K E S
After pilot af demagnetizations of one specimen from each site in steps of 100-200Oe up to 1400 Oe, all specimens were stepwise demagnetized up to 500 Oe peak, and in some cases this range was extended when a characterlstic direction was difficult to define. In all such cases only spurious magnetizations were encountered wifh. In Table 2 the NRM directions and the af cleaned (edited) results together with FAer statistics are summanz ' ed. In most cases the mdf (median destructive field) was very low (typically 5 SO&), a viscous component with steeply inclined positive inchation dominating in all sites but site 4 (which had a high Q and intensity of the NRM, the volume percentage of opaque minerals Wig 7 per cent, Samuelsson 1971). This explains the diffiulties invoived in isolating a characteristic stable direction and also why the scatter is generally high, and not usually improved by the cleaning process.
An attempt was made to distinguish between the dolerite and porphyritic dolerite dykes, but no significant differences of the rcMs were found, although the means of the characteristic directions are somewhat better defined in the porphyritic dolerites (k = I1 -4 in Table 3 ) than in the dolerites (k = 5.0). This may be a qualitative rock magnetic argument that the porphyritic dolerites occupy an intermediate compositional position between the dolerites and the rhomb porphyry rocks (with overall precision parameters of k = 18.5 and 36.5 for the RPm and RPc, respectively) as previously suggested.
Rock magnetic properties in relation to the multiple intrusion theory
The RP dykes exhibit a high degree of magnetic anisotropy, the direction of easiest magnetization is vertical with small scatter, whereas the intermediate and minimum susceptibility axes are less well defmed. This is probably due to a preferred vertical orientation of the elongated magnetic grains (and other grains) resulting from the predominantly vertical flow of the magma at the time of intrusion. The anisotropy is probably mainly of the type associated with the larger grains present in the rocks. The higher and equal scatter of the b and c axes may indicate that the grains are of ellipsoidal rather than tabular shape, and subsequent observations in the ore microscope supported this. Thus the pressure-determined interactions with the contacts of the intrusion cannot have been of great effect, and the magma flow must have been the dominant factor. These results c o n f m the utility of magnetic anisotropy as a petrofabric indicator.
To understand the nature and composition of the remanent magnetization of the dykes the following should be borne in mind, as demonstrated for the RF' dykes:
(1) Two main components of magnetization in the RF' dykes have been found -a stable component of high coercivity with a negative inclination and far from the direction of any recent geomagnetic field, and an unstable component in the direction of easiest magnetization with a positive inclination and close to the present geomagnetic field.
(2) The observed anisotropy probably originates from the accumulated effects of the shape anisotropy of the larger elongated magnetic grains in the rocks. A large number of smaller grains are also present.
(3) The observed T, indicate that the dominant magnetic phase has a T, of 550-560°C.
This is a titanomagnetite with only a little Ti substituted. There are also indications of another titanomagnetite phase with a T, of 350400°C.
(4) The microprobe proved that besides titanomagnetite almost pure ilmeuite is also present.
(5) There is a discrepancy between the observed and the calculated T,, the latter usually being 100-200°C lower.
The overall picture is more complicated, but in the main the following conclusions seem reasonable :
The NRM of the RP dykes consists of a stable primary component and an unstable secondary component. The secondary component has been induced by recent geomagnetic fields and has been deflected into the direction of easiest magnetization. This component is carried by the larger, multi-domain magnetic grains, and so it is of low coercivity. The very hard primary magnetization consequently must be associated with small single-domain or pseudo-single-domain grains of almost pure magnetite, which are too small to be examined in the microprobe. The primary magnetization may also be carried by lamellae of Fe-rich titanomagnetites exsolved in the larger grains. This is supported by the discrepancy demonstrated between calculated and observed T,. Such exsolution process takes place on a scale much too fme for the microprobe to distinguish between the resulting individual lamellae of magnetite and ilmenite. The readings would then be averages of the two phases, and the calculated T, would be too low. The magnetic phase with a T, of 300-400° C observed from the thermomagnetic curves could be the mother phase of the exsolution process (Creer & Ibbertson 1970) .
It is worth recalling the very complex conditions under which the primary magnetization originated. Disregarding for a moment the possibility of repeated heatings due to several intrusion impulses, the highly complicated environment and thermochemical processes of a magma cooling in a dyke should still be taken into consideration. The magnetization is therefore likely to be canied by a number of grains of different origin; however, the primary remanence is of the thermoremanent or thermochemical remanent type, and it originated during the relatively short period of time while the dykes were cooling below the respective blocking temperatures. Demagnetization effects due to the shape of a dyke may result in signifcant rotation of the induced field into the plane of the dyke (Strangway 1961). However, the declination of the geomagnetic field in Permian times was quite close to the strike of the dykes, and the possible maximum error due to this effect would be in the range 1-2' of the declination. Furthermore, because the anisotropy is mainly related to the preferred flow pattern of the multi-domain grains, whereas an alignment of the small singledomain grains is less likely to occur, it is concluded that the primary magnetization is hardly influenced by the anisotropy. Therefore the isolated primary component probably is a good and true representation of the local geomagnetic field at the cooling time. The palaeomagnetic dating performed in the following discussion is consequently justified. Finally, a baked contact test on a few samples from the much older granite vexy near the dykes supports this conclusion. The direction of the NRh4 in the granite, albeit weak, was almost identical to that of the isolated primary magnetization of the RP dykes, indicating a parallel remagnetization of the isotropic granite at the time of the dyke intrusions.
From Samuelsson (1971) it is known that the total amount of iron is highest in the Dm and lowest in the RPc. The variation of susceptibility shown in Fig. 3 is in obvious agreement with this and furthermore, places the boundary within 1--2 cm of the contact between the rock types. It is difficult to imagine how these sharp boundaries could have been formed by some differentiation process (an alternative explanation of the formation of the dykes). The mechanism of multiple intrusion seems to be the much more likely explanation.
Further support of this theory can be found in the way the intensity profde changes during af demagnetization (Fig. 3) . The violent change of intensity again outlines the contact between the two rhomb porphyries. The primary magnetization makes up a much larger percentage of the RPc than of the RF' m, suggesting a different composition and/or history of the two RP types.
In the presentation of the results the attention was drawn to the two small peaks of intensity in the RPc very near the RPc/Rpm boundary. The higher intensity at this exact location can be explained by a larger number of small magnetic grains, i.e. the rock has been chilled. The same effect to be expected in the RPm near the contact to the Dm is hidden, since the intensity of the Dm is always higher than that of the RPm.
Other differences were revealed during af cleaning. Whilst the primary magnetization of the RPc was easily recovered, the Rpm offered more resistance, and the Dm only seldom showed any signs of a primary magnetization. These differences may be due to the number of re-heatings the different rock types have experienced, as these would have direct influence on the acquisition of the primary magnetization. The re-heatings could also influence the rock types indirectly through the maybe reduced resistance of the re-heated rocks to the later effects of, for instance, weathering.
Palaeomagnetic poles and ages
In Table 3 mean directions, Fisher statistics (Fisher 1953) and resulting palaeopoles of the af cleaned stable remanent magnetization of the different dyke types are compiled, together with the combined mean directions D + PD and RP t PD t D, all the stable components being reversely magnetized.
The mean directions of the respective dyke types are not significantly different (Fig. 10) . However, the between site precision parameter of the RE' dykes (k = 72) is considerably higher than those of the porphyritic dolerites and dolerite dykes, the values of a95 being 6.6, 21 and 29', respectively. The site mean direction of all dykes is Dm = 197' and Im = -38' = 8.6", k = 19, N = 16). In Table 4 When comparing the RP-pole with the time moving average poles for northern Eurasia (Irving 1977) , which are also plotted in Fig. 11 with the 95 per cent-significance circles for every 10 Myr between 300 and 190 Myr, the 95 per cent oval of the site mean RP-pole encloses the mean poles of age 260, 250 and 240 Myr (time scale according to Harland, Smith & Wilcock 1964) , suggesting a palaeomagnetic age of the RPdykes around 250 f 10 Myr. The well defined mean pole of the Oslo igneous rock complex (pole 10, mg5 = 3') may be slightly younger, as it coincides with the 240 Myr moving average pole of Irving (1977) . Statistically, however, the RP-pole is not significantly different from the Oslo pole.
The primary magnetic direction of the RP-dykes is thus beyond doubt of Permian, and presumably of Lower Permian age . This confirms the previous general geological age-correlation of the Bohuslin dykes with the Lower Permian igneous activity of the Oslo Graben.
Poles 4 and 5 (Table 4 and Fig. 11 ) of the radiometrically dated dolerite sills of Mount Billingen and Hunneberg some 60 km ESE of the present area deviate significantly from the Bohuslan dykes, the K-Ar datings (Mulder 1971) indicating Upper Carboniferous ages. Three poles from other basaltic rocks investigated in S. Sweden (poles 6 and 7) and South Norway (pole 8) fall close to these older poles, whereas pole 9 (melaphyre dykes of Skania) is close to that of the dolerites and porphyritic dolerites.
Finally, it may be mentioned that the deviating pole of the Permian Brummundal lavas in south Norway (pole 11) does not apply in this context, as it is considered to be (58.55" N, 11.25" N) 13 (106) 10 (37) 9 (78) 27 (494) 3 (12) We therefore conclude that the dolerite dykes as well as the porphyritic dolerite dykes in Bohusian are likely to be younger than poles 4-8, and of the salne age as the RP-dykes. Sincc the scatter of the mean poles of the dolerites and porphyritic dolerites is rather high, a ?ossible relative age sequence of'the three dyke types cannot be distinguished on the present palaeornagnetic data, as expected from the intrusion theory.
6 Conclusion Based on the palaeomagnetic and rock magnetic evidence presented above, we conclude:
(1) The magnetic age of the rhomb porphyry dykes in Bohuslan is Lower Permian, and ?robably equivalent lo that of the effusive and hypabyssal basalts and rhomb porphyries of the Oslo Graben. The dolerites and porphyritic dolerites in Bohuslin investigated likely to be of the same age, although the primary magnetic direction is less well these rock types. dykes is strongly supported by the rock magnetic properties investigated.
(2) The multiple intrusion theory for the formation of the composite rhomb porphy
